Volpi E, Chinkes DL, Rasmussen BB. Sequential muscle biopsies during a 6-h tracer infusion do not affect human mixed muscle protein synthesis and muscle phenylalanine kinetics.
STABLE ISOTOPE STUDIES of human muscle amino acid and protein kinetics commonly involve a sequential study design, with the same subject being studied at baseline and during an intervention within the same session. This design allows to control for day-to-day individual metabolic variability and accounts for individual differences in amino acid kinetics, thereby increasing statistical power (for example, see Refs. 1, 2, 7, 12, 13, 20, 21, 23, 24, 26, 27) . However, prolonged fasting and sequential muscle biopsies from the same area could theoretically affect muscle protein metabolism.
The experimental design typically involves an overnight fast followed by a primed-continuous tracer infusion extended over several hours during which the subjects may not receive nutrients. Prolonged fasting may impact muscle protein kinetics due to metabolic and hormonal adaptations that occur to maintain an adequate energy and amino acid supply to other tissues and organs, particularly brain and heart (10) . Furthermore, when biopsies are taken sequentially from the same muscle area, it is theoretically possible that the earlier biopsies may produce an inflammatory or stress response in the surrounding tissue, which in turn can affect the turnover rate of the muscle tissue removed by later biopsies. Although a recently published paper indicates that mRNA expression is not influenced by repeated muscle biopsies (18) , this does not exclude that amino acid turnover, including release from breakdown and transport across the cell membrane, is influenced by the biopsy procedure.
One possible approach to this problem is to include in each experiment a control group receiving no treatment (e.g., saline infusion) throughout the entire tracer infusion. However, aside from being costly and time consuming, muscle protein kinetics experiments are fairly invasive, since they involve, at the very least, muscle biopsies and oftentimes femoral or forearm arteriovenous catheterization.
Therefore, we tested whether extended fasting (beyond the physiological 12-h overnight fast) and sequential muscle biopsies can significantly alter skeletal muscle protein or amino acid kinetics to establish the necessity of including a control group in muscle protein kinetics experiments with sequential design.
SUBJECTS AND METHODS

Subjects.
We studied six young subjects (1 woman and 5 men) from the Houston/Galveston metropolitan area. All subjects were healthy and physically active, but they were not engaged in a formal exercise training program. The female subject was studied during the follicular phase. Screening of subjects was performed with clinical history, physical exam, and laboratory tests. Only subjects with normal screening results were included in the experiment. All subjects gave informed written consent before participating in the study, which was approved by the Institutional Review Board of the University of Texas Medical Branch (Galveston, TX).
Study design. The night before the study, each subject was admitted to the General Clinical Research Center of the University of Texas Medical Branch. At admission, a pregnancy test was done in the female subject. Subjects were fed a standard dinner at 1900 (12 kcal/kg, 60% carbohydrate, 20% protein, 20% fat), after which they were allowed only water ad libitum until the end of the experiment, at 1300 the next day. The total length of fasting by the end of the experiment was 18 h.
The morning of the study, polyethylene catheters were inserted in a forearm vein for tracer infusion, in a contralateral hand or wrist vein for arterialized blood sampling, and in the femoral artery and vein of one leg for blood sampling. The femoral arterial catheter was also used to infuse indocyanine green (ICG; Akorn, Buffalo Grove, IL) for measurement of leg blood flow.
At 0700, after drawing a blood sample for the measurement of background amino acid enrichments and ICG concentration, a primed continuous infusion of L-[ring-
2 H5]phenylalanine (Cambridge Isotope Laboratories, Andover, MA) was started and maintained at a constant rate until the end of experiment. The priming dose was 2 mol/kg, and the infusion rate was 0.05 mol ⅐ kg Ϫ1 ⅐ min Ϫ1 . After 120 min, a first muscle biopsy was taken from the lateral portion of the vastus lateralis of the leg with the femoral catheters, ϳ20 cm above the knee, using a 5-mm Bergström biopsy needle, sterile procedure, and local anesthesia with 1% Lidocaine injected subcutaneously and on the fascia. The muscle sample, ϳ100 mg, was rinsed with ice-cold saline and blotted. Any visible fat or connective tissue was quickly removed, immediately frozen in liquid nitrogen, and stored at Ϫ80°C until analysis. Four sequential hourly biopsies were repeated at 180, 240, 300, and 360 min. The first three biopsies were taken from the same incision, with the biopsy needle inserted at a different angle each time to remove the muscle tissue samples from areas at least 2-3 cm apart. The last two biopsies were taken from another incision, ϳ5 cm above the first incision, with the biopsy needle inserted at a different angle as described above. Each biopsy was taken with a single needle pass.
Blood samples were collected from femoral artery and vein and hand/wrist vein during three periods (150 -180, 210 -240, and 330 -360 min) to measure phenylalanine enrichments and concentrations and ICG concentration.
Analyses. Serum ICG concentration for the determination of leg blood flow was measured spectrophotometrically (Beckman Coulter, Fullerton, CA) at ϭ 805 nm (16, 17) .
Concentrations and enrichments of blood and intracellular free phenylalanine were determined by gas chromatography mass-spectrometry (GCMS, 6890 Plus GC, 5973N MSD/DS, 7683 autosampler; Agilent Technologies, Palo Alto, CA) as previously described (28) .
Mixed muscle protein-bound phenylalanine enrichment was determined by GCMS after protein hydrolysis and amino acid extraction using the external standard curve approach (4) .
Calculations. The muscle phenylalanine kinetic parameters were calculated using two different methods: the two-pool model (28) and the three-pool model (3).
The two-and the three-pool model shared the following parameters:
where Eq. 1 is used to calculate delivery to the leg, Eq. 2 release from the leg, and Eq. 3 leg net balance. F in and Fout are delivery to the leg and release from the leg, respectively. CA and CV are the plasma amino acid concentrations in the femoral artery and vein, respectively. NB is leg net balance, and BF is leg blood flow as calculated from the steady-state ICG concentration values in the femoral and wrist veins, as previously described (16, 17) . The other kinetic parameters of the two-pool method were calculated as follows. Total leg rate of appearance (R a) was calculated as:
where E A and EV are the amino acid enrichments, expressed as tracer-to-tracee ratio, in the femoral arterial and venous plasma, respectively. Release in the vein from proteolysis is equal to leg R a, which is the flux of phenylalanine deriving from muscle protein breakdown released in the venous blood, and is calculated as
Disappearance from arterial blood is equal to leg rate of disappearance (Rd), which is the rate at which phenylalanine is taken up from the blood and used for muscle protein synthesis, and is calculated as
Data are expressed per 100 ml of leg volume as measured with an anthropometric method (15) . Next, the specific parameters of the three-pool model were calculated. Tissue inward transport was calculated as:
where EM is the amino acid enrichment, expressed as the tracer-totracee ratio, in the muscle. Tissue outward transport, release from proteolysis, and utilization for protein synthesis were calculated using Eqs. 8, 9 , and 10, respectively, as follows:
where FM,0 is the amount of amino acids that appear in the muscle tissue from protein breakdown, and F0,M is the total amount of amino acids utilized for muscle protein synthesis. We also calculated the fractional synthetic rate (FSR) of mixed muscle proteins using the precursor-product model (25) :
where ⌬Ep is the increment in protein-bound phenylalanine enrichment between two sequential biopsies, t is the time between the two biopsies, E M͑t 1 ͒ and E M͑t 2 ͒ are the phenylalanine enrichments in the free intracellular pool in the two sequential biopsies. Data are expressed as percent per hour. Statistical analysis. All values are expressed as means Ϯ SE. Comparisons were performed using both analysis of variance with repeated measures, the effects being subject and time, and the Dunnett's test, using the first measure as control. Significance was set at P Ͻ 0.05. One possible concern with taking repeated biopsies is that the calculated or actual synthesis and breakdown rates might change over time as a result of the biopsies. To determine whether there was a systemic change in synthesis or breakdown over time, we performed for each subject a linear regression of F 0,M, FM,0, net balance, and FSR vs. time. We then calculated the resulting average slope between subjects and tested whether this slope was different from zero via F-test. Finally, using the actual variability, we calculated the sample size needed to detect a time effect with ␣ ϭ 0.05 and ␤ ϭ 0.80.
RESULTS
Subjects' characteristics.
The subjects' characteristics were as follows: age 31 Ϯ 3 yr; height 178 Ϯ 4 cm; weight 87 Ϯ 5 kg; body mass index 27.6 Ϯ 2.5 kg/m 2 ; leg volume 12.4 Ϯ 0.7 liters.
Blood flow. There were no differences (P ϭ 0.89) in blood flow as measured during the three hourly periods of the infusion study (Table 1) . Within-subject coefficient of variation for repeated blood flow measures was 9 Ϯ 1%.
Phenylalanine enrichments and concentrations. Phenylalanine enrichments in the femoral artery and vein in the muscle free pool and in the mixed muscle proteins (protein-bound pool) are shown in Fig. 1 . Phenylalanine enrichments in the femoral artery and vein and in the muscle free pool did not change significantly with time (P Ͼ 0.66), suggestive of isotopic steady state. The within-subject coefficient of variation was 5 Ϯ 1, 3 Ϯ 1, and 9 Ϯ 1% for phenylalanine arterial, venous, and intracellular enrichment, respectively. Similarly, phenylalanine concentrations in the femoral artery and vein, and in the muscle free pool, did not significantly change over time (P Ͼ 0.56) (data reported in Table 1 ). The protein-bound phenylalanine enrichment increased linearly over time and fitted a straight line in all subjects (r 2 Ͼ 0.95 in all subjects). Muscle phenylalanine kinetics. Leg and muscle phenylalanine kinetics (expressed/100 ml leg volume) are shown in Table 1 . Delivery of phenylalanine to the leg (F in ) and release from the leg (F out ) were not different between hourly periods (P Ͼ 0.80). Phenylalanine net balance was negative throughout the study, with no significant differences in phenylalanine NB between periods (P ϭ 0.95). With the use of the two-pool model, phenylalanine R a in blood from proteolysis (Leg R a ) and the phenylalanine R d from blood for protein synthesis (Leg R d ) were not different between periods (P Ͼ 0.67). Similarly, none of the three-pool model parameters, including phenylalanine transport in the muscle (F M,A ) and out of the muscle (F V,M ), intracellular release from breakdown (F M,0 ) and intracellular utilization for protein synthesis (F 0,M ) changed significantly over time (P Ͼ 0.32, Table 1 ). The slope of linear regression of the individual values for F 0,M , F M,0 , and net balance over time were Ϫ5 Ϯ 5, Ϫ4 Ϯ 5, and 0 Ϯ 1, respectively, which were not different from zero (F 0,M : P ϭ 0.40; F M,0 : P ϭ 0.44; net balance: P ϭ 0.96). The sample size necessary to demonstrate that these slopes are different from zero with a power of ␤ of 80% and P ϭ 0.05 are as follows: 57 for F 0,M , 70 for F M,0 , and 21,473 for net balance.
Mixed muscle FSR. Mixed muscle protein FSR (Fig. 1 ) did not change significantly over time (P ϭ 0.83). When linear regressions were performed on the FSR values over time for each subject, we found a slope of Ϫ0.006 Ϯ 0.006%/h, which was not significantly different from zero (P ϭ 0.30). This slope could be determined to be different from zero with a power of 80% at the P ϭ 0.05 level only if 45 subjects were studied.
DISCUSSION
The primary finding from this work is that mixed muscle protein synthesis, breakdown, and phenylalanine kinetics appear to be unaffected by extended fasting and five sequential muscle biopsies from the same muscle. To our knowledge, this is the first study that specifically addresses this issue and indicates that a saline-only control group is not necessary when performing acute muscle protein metabolism experiments with stable isotope tracers and a pre-post sequential study design. Our data also provide important power information for muscle protein turnover experiments involving a sequential design in humans. Data are means Ϯ SE. Ra, rate of appearance; Rd, rate of disappearance. Data were analyzed with ANOVA with repeated measures and Dunnett's test. No significant time effect was found for any of the parameters. The main reasons for using a sequential study design in muscle protein metabolism are: 1) to control for individual and day-to-day metabolic variability and 2) to reduce the number of experimental subjects, thereby reducing risks and costs. However, such a design may expose to criticism because, in the absence of a control group, it is not possible to account for the potential confounding effects of extended fasting and repeated muscle biopsies.
Specifically, our data show that the free phenylalanine enrichments in blood and muscle were in steady state, the protein-bound phenylalanine enrichment increased linearly as expected, and the calculated phenylalanine kinetics across the leg were unaffected throughout the experimental period. Furthermore, mixed muscle protein synthesis (FSR) and the calculated rates of muscle protein synthesis and breakdown using both arteriovenous models of phenylalanine kinetics also showed no effect of the experimental procedures. It is important to highlight, however, that we studied only a relatively small number of subjects and that our power calculations indicate that, with a much larger samples size, we may be able to detect a significant time effect. However, it is important to put these findings in a perspective relative to the size of the changes observed in this study and those expected when anabolic or catabolic stimuli are sequentially applied to the muscle. The size of physiologically meaningful changes from baseline observed in muscle protein metabolism experiments involving a sequential study design is typically 30 -50% or larger (up to 200%) (1, 2, 7, 12, 13, 20, 21, 23, 24, 26, 27) , i.e., much larger than that observed for the main parameters measured in the current experiment (Ͻ10%). Using this experiment's data, we calculated that, to detect a 30% change in any of the main muscle protein metabolism parameters, we would need a sample size of 10 subjects, while we would need 7 subjects to detect a 50% change, and 5 subjects to detect a 100% change with a power of 80% and P ϭ 0.05.
Prolonged fasting in humans lasting for 2-4 days (i.e., short-term starvation) has demonstrable effects on protein metabolism, as shown by an increase in whole body leucine oxidation and protein breakdown (5, 9, 10, 14, 19) . The rate of appearance of phenylalanine and leucine from protein breakdown across the forearm also increases significantly by 40 -80% following 2.5 days of starvation (10) , and mixed muscle protein synthesis has also been shown to decrease by 13% following 3 days of starvation (8) . Overall, these studies indicate that prolonged fasting or starvation over several days can influence protein metabolism and therefore must be accounted for. On the other hand, our data show that extended fasting for up to 18 h has negligible effects on measures of muscle protein and amino acid metabolism.
We are unaware of previous studies designed to address if repeated needle biopsies from the same muscle area can affect muscle amino acid and protein metabolism. One recent paper reports that sequential muscle biopsies do not influence mRNA expression (18) , which is consistent with our current data indicating that repeated biopsies over the course of a 6-h isotope infusion do not affect mixed muscle protein synthesis or muscle phenylalanine kinetics. In a recent paper, we have also shown that sequential biopsies taken 1 h apart from the same incision at baseline do not alter the phosphorylation of several key signals involved in the regulation of translation initiation (7, 11) . However, it is important to underscore that our results were obtained by carefully taking the biopsies at least 2-3 cm apart from each other, which was achieved by inclining the Bergström needle at different angles while using the same skin and fascia incision (see SUBJECTS AND METHODS). It is plausible that if several additional biopsies are serially taken from the same exact area inflammation, swelling, or blood clotting may alter amino acid and protein kinetics in the sampled tissue. However, if inflammation occurred, we would expect an increase in muscle protein synthesis and breakdown over time due to the rapid turnover of inflammatory cells and proteins. Our data suggest that if there was a trend for change it was toward a decrease rather than an increase in muscle protein turnover. Thus, despite the lack of direct measures of inflammation, we feel confident that inflammation did not play a significant role in this experiment. Nonetheless, while these considerations are valid for the bulk of muscle proteins (i.e., contractile proteins), we cannot exclude that some less abundant protein was influenced by the study procedures, since we did not measure the turnover rates of individual proteins.
Finally, tracer recycling can be a concern in prolonged isotope infusion experiments. However, the impact of intracellular tracer recycling on our experimental results is negligible and undetectable with the current study design, since it has been reported to occur at a rate of 1%/h, i.e., well below the within-subject blood and muscle enrichment variability (20) .
We conclude that extended fasting and up to five carefully spaced sequential muscle biopsies from the same muscle do not appear to affect basal mixed muscle protein and phenylalanine kinetics in human subjects. Thus it is unnecessary to include a control group to account for these variables when using a sequential design to measure mixed muscle protein synthesis and muscle phenylalanine kinetics in human subjects.
